[1] Terrestrial gamma ray flashes (TGFs) are brief bursts of gamma rays observed by satellites, typically in coincidence with detectable lightning. We incorporate TGF observations and the key physics behind current TGF production theories with lightning physics to produce constraints on TGF production mechanisms. The combined constraints naturally suggest a mechanism for TGF production by current pulses in lightning leader channels. The mechanism involves local field enhancements due to charge redistribution in current pulses and draws seed energetic particles from cold runaway in breakdown processes. The mechanism can reproduce the observed TGF time scale including multipulse TGFs, is in agreement with existing production altitude estimates, and may help explain TGF spectra by naturally producing unbeamed emissions.
Introduction
[2] Terrestrial gamma ray flashes (TGFs) are brief bursts of energetic photons observed by satellites. Discovered in 1994 by the Burst And Transient Source Experiment on board the Compton Gamma Ray Observatory (BATSE/CGRO) [Fishman et al., 1994; Nemiroff et al., 1997] , TGFs have since been observed in detail by the Reuven Ramaty High Energy Solar Spectroscopic Imager (RHESSI) Grefenstette et al., 2009] . TGFs have a fluence of $1 photon/cm 2 , a time scale of $0.5 ms and photon energies of up to 20 MeV when seen from orbit Grefenstette et al., 2008] . TGFs are also usually observed in close time coincidence with lightning discharge detectable in radio measurements Cohen et al., 2006; Cummer et al., 2005; Stanley et al., 2006] . These observations pose an interesting question: how are so many photons produced with such high energy in such a short time scale in coincidence with lightning? We examine this question by first surveying TGF observations and what constraints they place on the TGF source. Second, we give a broad survey of lightning physics and the constraints it places on TGF production. The combination of these constraints suggests a plausible TGF production mechanism: current pulses along developing lightning leader channels. We then examine this mechanism in the context of TGF and lightning observations and make predictions for future experiments.
Survey of TGF Physics
[3] TGFs are $0.5 ms pulses of photons with energies Eg that can exceed 20 MeV [Fishman et al., 1994; Smith et al., 2005] . Radio observations of lightning indicate that these flashes are typically detected within a few milliseconds of lightning discharge Cohen et al., 2006; Cummer et al., 2005; Stanley et al., 2006] . Though not all TGFs are accompanied by clear radio activity, the imperfect detection efficiency of such radio observations does not rule out lightning activity in these cases Cohen et al., 2006] . When coincident lightning can be geolocated, it is typically less than 300 km from the subsatellite point with no noticed systematic offset. TGF fluence approaches $1 photon/cm 2 , though the absolute brightness is uncertain due to satellite dead-time issues [Grefenstette et al., 2008] . Typically, isolated $0.5 ms pulses are detected, but groups of pulses separated by several milliseconds are sometimes observed [Fishman et al., 1994] . TGFs are observed by the RHESSI instrument every $2 days . Though the global frequency of TGFs is difficult to determine due to efficiency concerns (trigger efficiency, dead time, limited effective area and energy response), assuming the 300 km maximum subsatellite-lightning distance is the maximum detection distance, this implies the global TGF frequency is !500/d.
[4] We now consider key known facts about TGFs. The first key fact is the Eg > 20 MeV energy scale. Populations of such photons must be produced by bremsstrahlung. Monte Carlo simulations of RREA and bremsstrahlung executed with the GEANT4 software package [Agostinelli et al., 2003] indicate that the population of electrons is typically $10 times larger than the population of photons.
The close time and subsatellite-lightning position coincidence suggest that electric fields associated with lightning produce or accelerate these electrons and requires that the electric fields cover a potential difference of at least 20 MV.
[5] The second key fact is the $1 photon/cm 2 fluence at satellite altitude. Assuming TGF photons are distributed uniformly over a disk in the satellite plane with radius given by the typical subsatellite-lightning distance (300 km, cited above), one can calculate that $10 15 photons reach satellite altitude. Losses as the photons escape the atmosphere require a larger initial population of photons and a correspondingly larger population of relativistic electrons.
[6] Moderate electric fields in air can naturally produce a large population of relativistic electrons by an avalanche growth process, referred to as runaway relativistic electron avalanche (RREA) [Wilson, 1924; Roussel-Dupré et al., 1994; Gurevich and Zybin, 2001] . To summarize, relativistic electrons gain energy from the electric field and lose energy to inelastic scattering. Scattering sometimes produces relativistic secondary electrons that then join in the process, increasing the population of relativistic electrons until the population exits the field region. RREA can occur at electric fields an order of magnitude smaller than the conventional dielectric breakdown threshold, and is therefore especially relevant to thunderstorm physics where E fields large enough to initiate breakdown are seldom observed [Betz et al., 2009] . The main complication is that RREA at moderate electric fields needs a source of relativistic electrons to seed the population. In the Earth's atmosphere these seed electrons come mostly from cosmic rays . Seed particles may also be directly produced by ''cold runaway'' in very strong electric fields (E > 26 MV/m) [Moss et al., 2006] . Further, if the field region is very large (U > 50-100 MV, e.g., 100 m long, E $ 1 MV/m), one population at low potential may be able to seed subsequent populations at high potential in a process dubbed ''relativistic feedback'' Babich et al., 2005] . We discuss the source of seed electrons in detail in section 5.
[7] The third key fact is the $0.5 ms (150 km/c) time scale, with TGF durations observed ranging from 0.2 ms to several milliseconds. As TGF photons arrive at satellite altitude with less than $100 ms dispersion [Østgaard et al., 2008; Grefenstette et al., 2008] , the source time scale must closely match the observed photon time scale. We discuss this fact further in section 5.
[8] Several mechanisms have been proposed to explain these key facts, differing mainly in the source of the electric field used to drive RREA. Early mechanisms assumed that TGFs originated at 30-80 km altitude as photons emitted at lower altitudes are less able to escape the atmosphere. These mechanisms used lightning-driven charge dipole moment changes [Lehtinen et al., 1996 [Lehtinen et al., , 1999 Babich et al., 2004] and electromagnetic pulses [Inan and Lehtinen, 2005] to produce fields at high altitudes. Such mechanisms require extreme lightning parameters not found in existing observations in order to produce an observable number of photons (e.g., return stroke velocity !0.99 c, >500 kA peak current, accounting for at most 6 -12 TGFs per day [see Inan and Lehtinen, 2005] ). Furthermore, detailed comparison of averaged photon spectra observed by RHESSI and BATSE with predicted spectra from RREA mechanisms indicate a much lower production altitude of 15-20 km for at least the majority of the events [Dwyer and Smith, 2005; Carlson et al., 2007] . These lower altitudes are consistent with tropical thunderstorm cloud tops [Williams et al., 2006] , suggesting TGFs are produced in or very near the cloud and therefore in direct association with lightning and thunderstorm electric fields. Photons produced at these production altitudes are attenuated by a factor of 10 -30 in number as they escape to satellite altitude [Carlson et al., 2007] . A population of 10 15 escaping photons therefore requires 10 16 photons at 15-20 km as would be produced by 10 17 energetic electrons.
[9] In summary, TGFs require populations of $10 17 electrons with energies up to and exceeding 20 MeV. These large populations of electrons are likely produced at or near cloud top altitude by RREA growth driven directly by thunderstorm and lightning electric fields covering potential differences of at least 20 MV. Whether and how such production might occur depends on thunderstorm and lightning physics.
Survey of Relevant Lightning Physics
[10] A complete review of lightning physics is far beyond the scope of this paper. Interested readers can find excellent reviews by Rakov and Uman [2003] , Cooray [2004] , Bazelian and Raizer [1998] , and Gallimberti et al. [2002] . Overall, lightning is a branching network of narrow conducting plasma channels (leaders). Thunderstorm electric fields drive currents in the leader channels that redistribute charge in the cloud. The detailed physics of the formation and growth of the network is not well understood but involves a progression in scale from millimeterscale propagating ionization fronts (streamers) to meter-scale volumes with many streamers (corona), which heat the air sufficiently to produce the plasma in the leader channel. Overall, lightning involves charge redistribution. Charges flow through leader channels, pile up on leader tips, and are collected and dispersed near leader channels by streamer and corona discharge. These processes have been studied by a wide array of experimental and theoretical techniques and are described in detail in the reviews cited above. In this paper we simply give the parameters of the various processes in lightning discharge and describe how those parameters may lead to TGF production. These parameters are summarized in Table 1 .
[11] The parameters relevant to TGF production are the magnitude of the electric field and the voltage available in the region spanned by the electric field. The electric field determines the possibility of production or growth of populations of relativistic electrons, while the voltage relates to the production of sufficiently energetic electrons. Lightning physics sets limits on these parameters and therefore provides constraints on possible TGF production mechanisms.
Constraints
[12] These constraints can be easily visualized if the voltage and electric field parameters are plotted together as shown in Figure 1 . The minimum electric fields for RREA, conventional dielectric breakdown, and cold runaway are shown on the electric field axis. The maximum voltage available in a typical thunderstorm ($100 MV, though this number is difficult to measure [see Marshall and Stolzenburg, 2001] ), a 20 MV reference potential, and the minimum voltage necessary to accelerate an energetic electron to 20 MeV with friction included are also shown. The shaded region of the plot satisfies the constraints from TGF production while also falling in the region allowed by thunderstorm maximum voltage.
[13] The lightning processes listed above can be analyzed to estimate the typical average electric field and available voltage. Here we consider simple geometries for the charge structures: point, line, or plane. Since no true point or line charges can exist, we assume the ''point'' and ''line'' geometries are actually uniform spherical and cylindrical volumes with charge distributed uniformly out to the smallest radius such that the electric field never exceeds the conventional breakdown threshold. Since we are The maximum multiplication factor of RREA growth without relativistic feedback is shown as the grey contours. The TGF source voltage should not exceed the total maximum storm voltage but must exceed the voltage necessary to produce 20 MeV electrons. The electric field must not exceed the conventional breakdown threshold over the large volumes necessary for TGF production but must exceed the RREA threshold to produce large populations of energetic electrons. The region satisfying these constraints is shaded grey. The overlap of the point and line charge characteristics with the grey region motivates our mechanism of leader-associated TGF production.
interested in producing large populations of energetic electrons, we focus on the region of space surrounding such charges where the electric field exceeds the RREA threshold. The length (l) and total voltage available over that region (U) can then be included in Figure 1 as U and hEi $ U/l, giving the vertical lines marked as point and line charges. Typical lightning point charge (leader tip) and line charge (leader) values from Table 1 are indicated as wider lines.
Reconciliation of Constraints
[14] Lightning leaders and leader steps appear in the shaded region of Figure 1 . These fields have sufficient average voltage and electric field to possibly produce TGFs.
[15] The idea that TGFs may be produced by fields near lightning leaders or leader steps is supported by the time scale of TGFs, a constraint we have not yet addressed. If TGFs are emitted on a time scale of 0.5 ms, the process that produces them must produce a population of energetic electrons on such a time scale. Typical lightning process time scales are given in Table 2 . Comparing the TGF time scale to the time scales of lightning processes, the best matches are current pulses along the lightning channel: return strokes, K changes, and M components. These redistributions of charge enhance the electric field around the leader channel, likely inducing leader stepping and streamer production/propagation. This electric field enhancement and leader activity occurs as the charges redistribute in the leader network with the time scale of the current pulse matching the TGF time scale. Multiple closely spaced current pulses such as M components may therefore explain multiple closely spaced gamma ray bursts. The local field enhancements caused by such current pulses would have similar parameters as typical leader and leader step processes, and therefore would fall in the same area of Figure 1 .
[16] The remaining requirement is the production of 10 17 energetic electrons. RREA processes alone can only amplify the number of particles by a factor of 10 3 to 10 5 for electric fields in this range, as shown in the grey contours in Figure 1 derived from RREA studies by Coleman and Dwyer [2006] . This process thus requires a seed population of !10 12 . Such large seed populations are very unlikely to be the result of cosmic rays due to the extreme rarity of sufficiently high-energy primary cosmic rays . One alternative is relativistic feedback where RREA effectively seeds itself such that a single initial energetic electron may suffice. This possibility has been discussed as relevant to TGF production by Dwyer [2008] . One difficulty of relativistic feedback as a seed source is that the field regions required are very large with total potentials approaching the maximum thunderstorm potential. This requirement limits the effectiveness of relativistic feedback in the confined electric fields we consider that surround leaders or leader tips. An alternative possibility that naturally arises near such breakdown is the production of energetic seed electrons by cold runaway in streamer tips.
[17] Recent measurements of energetic photons produced by sparks and streamers in the lab indicate the existence of electrons with energies in excess of 100 keV [Nguyen et al., 2008; Rahman et al., 2008; Dwyer et al., 2008] . Such electrons have sufficiently high energy to serve as seed electrons for RREA. Similar results are also observed with lightning leaders [Dwyer et al., , 2004 . Analytical estimates and detailed Monte Carlo calculations put the seed flux produced by an active leader tip at $10 18 s À1 , i.e., 10 12 produced in a single $1 ms leader step [Moss et al., 2006; Gurevich et al., 2007] . These electrons are emitted in a region where the available voltage can accelerate them to high energies and the ambient electric field can result in RREA multiplication of the number of energetic particles. This process therefore may reach the required 10 17 energetic electrons, especially if multiple regions throughout a leader network are driven simultaneously by a current pulse. The resulting population of energetic electrons can then produce bremsstrahlung observable as a TGF.
[18] This mechanism makes several predictions concerning TGF emission. First, TGFs should always be accompanied by lightning leaders. There are yet no clear TGF observations where coincident lightning is known not to have occurred, so this prediction is perhaps not surprising. Future lightning observations with receivers near and sensitive enough to detect the small impulses produced by weak intracloud lightning may settle this issue in the future. Second, TGFs should be observed in close time coincidence (<1 ms) with current pulses along leader channels, suggesting that radio emissions from the current pulse should be observed simultaneous with the TGF photon emission. This prediction has thus far been difficult to ascertain due to timing uncertainty in satellite data and the lack of available high-quality lightning information. Current TGF observations collected by the AGILE and Fermi satellites in conjunction with more modern lightning data may resolve this issue. Any TGFs observed without a causal lightning discharge or closely associated current pulse must be due to another mechanism. Finally, this mechanism implies energetic photons are emitted at the same altitude as lightning leaders and with a very wide directional distribution depending on the electric field structure. As existing models fit satellite data better with unphysical directional distributions manually broadened by up to 45° [Carlson et al., 2007; Hazelton et al., 2009] , naturally broad emissions as produced by this mechanism should be considered. Conversely, narrowly beamed emissions must be produced by a different mechanism.
[19] Finally, as this mechanism does not require extreme values of lightning parameters, we predict that energetic A00E08 CARLSON ET AL.: CURRENT PULSE TGF PRODUCTION photon emission often accompanies lightning leaders, consistent with observations [Dwyer et al., , 2004 . However, not all lightning discharges produce observable TGFs. First, note that not all lightning-induced gamma ray emission is observable by satellites. Low-altitude emissions are heavily attenuated and emissions of relatively few photons are difficult to distinguish from noise. The mechanism we discuss here may require uncommonly large current pulses through high-altitude leader channels to produce observable TGFs. Higher altitudes are indeed favored due to lower atmospheric density, lower frictional losses and correspondingly greater RREA growth rates, so low-altitude leaders would be less likely to produce the very intense high-energy photon pulses considered as TGFs. Second, as the global TGF frequency is not known, it may be the case that TGFs are far more common than existing measurements indicate. This will be tested in detail by the upcoming Airborne Detector for Energetic Lightning Emissions (ADELE), the Atmosphere Space Interactions Monitor (ASIM), and the Tool for the Analysis of Radiations from lightnings and Sprites (TARANIS).
Summary
[20] In this paper we first survey the requirements on TGF production: 15-20 km production altitude, 10 17 energetic electrons, lightning electric fields that exceed the RREA threshold, and 20 MV total available potential. We then survey lightning physics, extract constraints on the types of processes that can occur, and unify the constraints in Figure 1 , leaving a small allowed region that produces enough high-energy photons without exceeding the breakdown threshold or the total available potential. These unified constraints suggest a mechanism driven by current pulses in lightning leaders and leader steps, naturally supported by the time scale of TGF emission. Our mechanism relies on cold runaway as a source of relativistic electrons, as suggested by observations of energetic photon emission in streamers, lab sparks, and in triggered lightning. The mechanism results in close time and space association between TGF emission and lightning leader current pulses which gives several testable predictions that should be observable in upcoming experiments.
